Control theory is concerned mainly with the treatment of signals. This article takes into account that living beings not only treat information, but they are open systems traversed by flows of energy and mass. A block diagram of the regulation process is proposed, taking into account this fundamental difference between engineered and living systems. This new diagram is used to describe the stability of body weight. The ponderostat is hypothesized to work as a regulation of blood glucocorticoids with a hypothalamic set-point related to CRH concentration.
What is regulation?
Modern physiology has borrowed system analysis and model-building from cybernetics. The great benefit of this trend was enforced quantification. However, the use of the engineer's concepts and vocabulary has capacity for two perils, semantic and conceptual. First, biologists may change or misunderstand the meaning of the engineer's vocabulary. The exchange of messages published by Federation Proceedings about body weight regulation 1,2 exemplified the controversy about the ponderostat, which regulates body weight. One group defended the concept while the other group rejected it. However, the origin of the controversy is likely to be due to semantics misunderstanding. The same debate took place recently with temperature regulation vs heat regulation. Brobeck 3 dealt mainly with that problem (see below).
Second, the conceptual disadvantage is derived from the very origin of control theory which does not distinguish signals from energy. Control theory is mainly concerned with signal processing and less with energy flow, which is the main problem of any living being. It is therefore necessary to revise the concepts of regulation in order to face this specific problem in living beings.
The best way to study a system is to perturb it. This is the very nature of the experimental method. A perturbation can be transient or continuous. Systems can be categorized according to the way they respond to transient and continuous perturbations.
Burton's 4 steady-state The tank sketched in Figure 1A is analogous to the processes taking place in living beings. They receive a flow of energy and matter, and they lose an equal flow of energy and matter.
Living beings are open systems, as is the tank. It reaches a steady state in which the input and output flows of water are equal and the free energy expenditure constant. In the process leading to the steady state, open systems accumulate free energy and reduce their entropy at the expense of the energy input, eg the tank will accumulate water up to a certain level, h, which represents a certain amount of potential (free) energy and a reduction of entropy.
When a transient perturbation is applied to an open system in a steady state, it responds in giving back the perturbation energy to the environment and returns to the original steady state. If we add a small volume of water to the tank, the water level will be raised and, in turn, the increased water pressure will increase the outflow until the water level resumes its original value. The same would be true if we scooped some water out of the tank. The lower water level and the decreased pressure would decrease the outflow until the water level resumed its original value. The larger the accumulated energy in an open system, the smaller the change produced by a transient perturbation. The larger the flow through the system, the more quickly it returns to the steady-state.
Steady-state systems also have the property of resisting continuous perturbations within a certain range. If an extra inflow of water, or an extra outflow, is added to the water tank, it will change to a new steady-state with a higher, or lower, water level but it will not be destroyed, as would have happened with a closed system. The reason for this is that the rise in the water level caused by an extra inflow increases the pressure which, in turn, enhances the water outflow. This increased 'response' is the origin of the improvement of stability, but it is not yet regulation. It is only the spontaneous stability of opposing actions of variable energy release and loss to the environment.
Regulated system
In the water tank the stability of the steady-state water level will be improved by adding a float, and feeding back this information to control a faucet at the input so as to close it as the level rises (negative feedback) and=or feeding forward the same information to control a faucet in the output so as to open it as the level rises (positive feedforward) { ( Figure 3A ). Negative feedback has the same effect as positive feedforward on the water level, which is thus regulated. Regulation, ie a regulated system, is therefore a steady state, the stability of which is improved by information loops controlling the inflow and=or outflow of energy.
A new diagram
The above considerations lead to a new way of representing regulated systems schematically. 5 The classical block diagram for regulation is shown in Figure 2 , where one loop incorporates all possible regulatory responses. However, whether the regulatory modulation is exerted on the input or the output is not unimportant. On the contrary, the outflow (heat loss, urine, etc) is not the same loop as inflow (water intake, heat production, food intake, etc). To distinguish inflow from outflow loops entails that the sign of the control loop on the inflow is negative, as the correcting change is of opposite sign to the deviation of the regulated variable (error signal), whereas the sign of the control loop on the outflow is positive as it goes in the same direction as the error signal on the regulated variable.
Examples of physiological regulations show that in most cases the regulation of a given variable is achieved by modulating both inflow and outflow independently, eg blood pressure is regulated by the modulation of cardiac output and peripheral resistance. For a biologist, to distinguish whether a regulatory response modulates the inflow (heat production, cardiac output, food-water intake) or the outflow (heat-loss, peripheral resistance, kidney function) is important. The duality of the possible response gives one degree of freedom to the system. The new block diagram in Figure 3B pinpoints this duality of functions, inflow vs outflow. The black boxes are subsystems controlling the inflow and outflow of energy or mass. They represent functions both in the mathematical and physiological sense, eg temperature regulation. The didactic and heuristic advantage of this diagram should be obvious when compared with the classical diagram in Figure 2 .
Another advantage of the new block diagram is the emphasis placed on negative or positive loops. Opposite actions, negative or positive, result in identical influence on the regulated variable. On the diagram of Figure 2 , only negative actions can take place. This again underlines the usefulness of separating modulation of inflow from modulation of outflow.
Regulation vs control (modulation)
Many text-books and papers in biology, and most works in control theory, use regulation and control as interchangeable The words 'feedback' and 'feedforward' are used here in a different sense from previous authors. In the classical sense feedback is used for the loop-arrow returning from right to left and its comparison to the setpoint (in Figure 3) ; its dimension is therefore that of a signal. Some authors have used the term 'feedforward' for anticipatory mechanisms occurring in the future, ie the main dimension, being time, is different to that of feedback. One advantage of the nomenclature used here is homogeneity: both feedback and feedforward are signal loops controlling flows.
Regulation and the ponderostat M Cabanac concepts, choosing one or the other for no apparent reason: some authors speak about the regulation of blood pressure or ventilation, while others refer to their control. The distinction made by Brobeck 3 between regulated and controlled variables removes this ambiguity: a regulated variable is that which is maintained constant through the responses of the controlled variables; the controlled variables are those which correct the deviations of the regulated variable. For example, temperature is regulated through the control of muscular heat production. Bligh (personal communication) proposed removing further the semantic ambiguity and to replace the word 'control' by the word 'modulation'. This was adopted herein.
All the variables that are regulated are either tensive variables (temperature, blood pressure, concentrations of many substances) { or correlates of tensive variables (eg we shall see below the case of body mass which is a correlate of several intensive variables in the milieu intérieur). This is due to the fact that all biological sensors (receptors) participating in regulatory mechanisms can sense only tensive variables.
On the other hand, modulated variables can always be represented by a physiological function (cardiac output, or arteriolar contraction, pulmonary ventilation). Thus, in temperature regulation, core temperature is regulated through the modulation of muscular heat production, evaporative and radiative heat loss, and behavior. Similarly, in the circulation example mentioned above, blood pressure is regulated. In respiration, pulmonary ventilation is modulated in order to regulate blood oxygen and carbon dioxide concentrations. It can be said also that blood pressure is regulated by the modulation of cardiac output and vasomotor reactions. Modulated variables, autonomic and behavioral, are capable of wide variations, while regulated variables remain steady. Changes in controlled variables result in the relative stability of the regulated variables, which are kept within narrow limits; the narrower the better for performance.
Properties of the regulatory system
The regulated variable, tension or concentration, is a derivative, in a mathematical sense, of the inflow of energy or mass, in the same way as the level in the water tank is a derivative of the inflow of water: h ¼ dinflow=dx in which h is the level of water in the tank and x is usually time. The regulated variable is also an integral, in a mathematical sense, of the outflow of energy or mass, in the same way as the level h in the water tank is an integral of the outflow of water: outflow ¼ Ð h Á dx. Thus the input function is an integration and the output function a differentiation ( Figure 1B) . The regulatory responses may be interpreted as changes in the parameters of the input and=or output functions resulting from the modulation exerted by the feedback and=or feedforward loops which convey information about the change in the regulated variable, the error signal elicited by a perturbation, or extra inflow or outflow of energy or mass.
The value of the regulated variable in the absence of external perturbation stabilizes at the set-point of the system. This set-point is an information input which may be determined by an external signal to which the regulated variable is compared, or may be determined by the structural characteristics of the system itself. In the regulated water tank, the set-point will depend on the length of the shaft connecting the float to the faucets. § The main property of a regulatory system is that a deviation of the regulated variable triggers a correcting response which opposes the deviation. The minimal deviation tolerated by the system is the error signal.
The set-point may be constant or may be adjustable, cyclically or unidirectionally during aging, or under special circumstances (eg fever, in the case of temperature regulation). Long-term adjustment of the set-point, eg increasing arterial pressure with aging, could be regarded as an adaptation of homeostasis, resulting in an improved adaptation of living organisms to their environment. This phenomenon has been called homeorhesis by Nicolaidis, 6 and rheostasis by Mrosovsky. The inertia and nonlinear properties of the sensor, of the modulating mechanism and=or of the effector, result in a delay of the response by the corrective feedback. This in turn produces small sinusoidal oscillation in the regulated variable in the case of continuous disturbance. Reversing this argument, any physiological variable that exhibits small sinusoidal or quasi-sinusoidal oscillations may be assumed to be regulated by a system analogous to the water tank described above.
The regulated water tank of Figure 2A may be used as a paradigm of any regulatory system with continuous modulation of inflow and=or outflow of energy or mass. Most physiological autonomic regulatory systems belong to this type. The main properties of this type of systems are:
1 The minimum flow through the system corresponds to the conditions when the regulated variable is at its setpoint. A perturbation will change either the inflow or the outflow, changing the total flow rate. 2 The maximum continuous perturbation against which the system can regulate is equal to the maximum flow of the system (inflow or outflow completely open).
Is body weight regulated?
In 1969, Hervey 8 hypothesized that body mass, or a variable closely correlated to body mass, such as body fat content, is constant over the adult life span because it is regulated. This hypothesis has been the object of a debate since, because the concept of set-point appears as a circular explanation to many. As an alternative Wirtshafter and Davis 9 hypothesized that body weight remains constant at, or near, a settling point, the adjustment taking place passively without a regulation and a set-point. Examples from the recent literature show that this point of view is shared by other physiologists who consider the stability of body weight as resulting from the equilibrium between filling and emptying the adipose reservoir. The constancy of body weight in obesity and in anorexia nervosa is often described as resulting only from imperfect energy balance, insufficient energy expenditure resulting in elevated body weight, and insufficient food intake resulting in lowered body weight.
Body weight: regulation vs steady state If the stability of body weight is produced by a steady state then it is the simple result of the balance of food intake with energy expenditure, as suggested by the concept of settling point. According to the steady-state hypothesis, obesity would be the result of excessive food intake and=or insufficient energy expenditure. Similarly, leanness would be the result of insufficient food intake and=or excessive energy expenditure.
A regulated system is a steady state equipped with regulatory loops. Of course, equal inflow and outflow of energy must also occur in a regulated system as well as in a steady state if body weight is to be constant, and transient unequal inflow and outflow of energy must occur if any change in body weight is to be observed. However, the concept of regulation implies that equal flows is not the final cause but rather only a means to achieve the goal of body weight equal to its set-point.
One way to differentiate a regulated system from a simple steady-state system consists measuring how the system responds to a global perturbation. A response opposed to the perturbation indicates that we deal with a regulated system. Thus the fact that food intake increases after a body weight decrease due to starvation, then returns to § Many authors do not distinguish set-point from reference. The set-point is an information input, eg the temperature at which we want our central heating apparatus to regulate the temperature of our house. A reference is a known physical variable to which we can compare an unknown one, eg the period of the vibration of a crystal can serve as a reference for time measurement.
Regulation and the ponderostat M Cabanac control value when body weight has recovered, is an indication of a regulated variable closely correlated to body weight. All the available evidence points to a resistance to body weight changes in health as well as obesity: (1) during hypocaloric diet, the basal metabolism of normal men is depressed; after ending their diet they become hyperphagic and regain their initial body weight; (2) the weight of animals with a circannual cycle is defended by the animal's food intake; (3) after hypothalamic lesions, middle as well as lateral, the body weights are defended by the animal's food intake and heat production; (4) periods of limited access to food are followed by compensatory overfeeding when body weight is below set-point but not when body weight is above set-point. Such responses are pathognomonic of regulation. According to the regulation hypothesis, obesity is the result of an elevated set-point (reached through transient increased food intake and=or decreased energy expenditure). Similarly, leanness is the result of a lowered set-point (reached through lowered food intake and=or excessive energy expenditure). All the available evidence shows these to take place.
In open-loop situations, regulatory responses are prevented from rectifying body weight. 10 Such open loop responses have been used to study the regulation of body weight. The experimental results also point toward a regulated body weight: (1) negative alliesthesia in humans, and disgust mimics in rats tend to disappear when body weight is below set-point, in healthy as well as obese humans and rats; (2) saliva secretion after alimentary stimuli respond similarly; (3) the hoarding of food by rats takes place only when body weight is below set-point in control as well as in obese rats; (4) female rats hoard food at a lower body weight setpoint during the pre-than post-ovulation period.
What is the regulated variable?
In spite of all the overwhelming evidence accumulated, there is very little chance that body weight sensu stricto be regulated. Not that a simple steady state would achieve the stability of body weight or that there is no underlying regulation at work, but for another reason. The weight of the body is stable but weight reflects the mass which is not a tensive variable; strictly speaking, therefore, body weight is not regulated. Another variable closely correlated to body weight must be regulated. So far, this variable actually regulated to which body weight is correlated has not been identified. In his 1969 article, Hervey postulated that body weight was regulated and that blood steroid concentration was likely to be the mechanism by which this was achieved. Being soluble in fat, he argued, circulating steroid concentration would be reduced by any increase in body fat. If this is the signal for food intake=satiety, then the subject will eat less. Any decrease in body fat will tend to raise circulating steroid concentration and in turn food intake. This hypothesis somewhat revived with the proposal that the variable, whose regulation results in body weight stability, is the hypothalamic concentration of CRH.
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Several experimental results seem to allow conclusion that: (1) ablation of the adrenal gland is followed by a decreased body weight set-point (lowering of the rat's hoarding threshold); (2) glucocorticoid administration produces opposite results; (3) direct ICV injection of CRH lowers the hoarding threshold; (4) various stresses transiently lower the hoarding threshold -muscular exercise, gentle handling, emotional fever, and surgery; (5) fenfluramine, a serotonin agonist, probably involves CRH and was shown to lower the set-point. Figure 4 shows a tentative block-diagram integrating the hypothalamic -pituitary -adrenocortical axis and the ponderostat. In the model, the regulated variables are the concentrations of glucocorticoid and leptin in the blood and the main variables controlled are the inflow of food intake and hoarding, and the outflow of energy expenditure. The setpoint of glucocorticoid concentration and body weight is determined by CRH hypothalamic concentration. The regulation ensures a rate of secretion by the adrenal glands so as to keep a constant blood concentration. In addition, a specific catabolism of glucocorticoids by adipocytes cannot be ruled out. Thus, for a given constant adrenal secretion rate, the larger the fat stores, the lower the hormonal concentration in the blood. According to Figure 4 the concentration of circulating glucocorticoids and leptin would be the variables whose regulation leads to body weight stability, and the set-point would tend to keep that variable constant. A short feedback loop regulates this concentration via ACTH and CRH messages. Two other loops translate the concentration of CRH in the brain. The first is a negative feedback that reduces food intake, and food hoarding when CRH increases. The second loop is a positive feedforward that increases energy expenditure when CRH increases. Constancy of body weight is achieved by control of inflowing energy (food intake) and outflowing energy (metabolism, muscular work).
The set-point of body weight regulation does not originate in the adipocytes but rather in the hypothalamus, as suggested by others. This signal could represent a balance between activation of the hypothalamic CRH production by leptin, and inhibition of the hypothalamic CRH production by glucocorticoids.
CRH is known to induce a negative energy balance through its action on energy intake, fat storage, energy expenditure and food hoarding set-point. Interestingly, these effects of CRH on energy balance closely match those of ADX. Adrenalectomy, which reduces the level of circulating glucocorticoids to nil, elevates CRH immunoreactivity. It is therefore likely that the lowering of the body weight setpoint obtained after adrenalectomy results from stimulated production of CRH. Altogether, these results are consistent with the hypothesis that the blood glucocorticoid concentration could be a regulated variable leading to body weight stability.
The direct involvement of CRH in the regulation of body weight was suggested previously in the cases of anorexia Regulation and the ponderostat M Cabanac nervosa and obesity. The hypothesis based here mostly on rat experiments may be extended to human physiology and pathology and may explain why the blood glucocorticoid concentration may increase both in obesity as well as in anorexia nervosa. Obesity would result from a drop of hypothalamic CRH and a corresponding increase in the body weight set-point. Accordingly, the higher concentration of circulating glucocorticoids observed in obese subjects might be a causal factor. Conversely, anorexia nervosa would result from a rise in hypothalamic CRH and in a corresponding decrease in the body weight set-point; the higher circulating glucocorticoid concentration in anorexia nervosa would simply reflect higher CRH activity. Such effects closely parallel those of intra-cerebral CRH, as found in rats with hoarding, and also with food intake.
